In commercial penicillin production the fermentation medium is usually seeded with a mycelial (vegetative) inoculum of Penicillium chrysogenum prepared by the following transfers: spores -+ germinator tank --seed tank. However, depending on the fermentation conditions, the operation in the germinator tank can be successfully eliminated. Goldschmidt and Koffler (1950) used spore-inoculated fermentations in their study of the effect of surface active agents on penicillin yields. Rolinson and Lumb (1953) Preparation of spores. Spores obtained by sporulation on sterilized barley grains were suspended in water and used for inoculation. Thirumalachar and Gopalkrishnan (1958) reported that on agar slants the mycelium continued to produce new crops of spores for long periods so that the spores taken from an agar slant were of different ages. In contrast, when sporulated on barley grains the vegetative hyphae collapsed after 8 to 10 days due to the drying of the grains and the mass of spores was left as a powdery coating. Thus spores of nearly the same age were obtained by this method. The method of sporulation on barley grains was as follows. The spores were obtained from an agar slant as a suspension in 20 to 25 ml of honey-peptone solution. The suspension was mixed with 100 g of previously sterilized barley grains and incubated at 25 C. Sporulation was complete at the end of 8 days and approximately 40 billion spores were obtained as a water suspension per flask. Spores were inoculated either directly into the fermentation medium or into the seed medium for preparation of vegetative inoculum.
In commercial penicillin production the fermentation medium is usually seeded with a mycelial (vegetative) inoculum of Penicillium chrysogenum prepared by the following transfers: spores -+ germinator tank --seed tank. However, depending on the fermentation conditions, the operation in the germinator tank can be successfully eliminated. Goldschmidt and Koffler (1950) used spore-inoculated fermentations in their study of the effect of surface active agents on penicillin yields. Rolinson and Lumb (1953) reported that the effect of high aeration on lactose utilization appeared to be peculiar to fermentations inoculated with spores. Crawford et al. (1952) obtained identical yields of cephalosporin P with both spore and vegetative inoculum. Backus and Stauffer (1955) used spores inoculated directly into the fermentation medium to test their mutant strains of P. chrysogenum. However, comparison of penicillin yield and the fermentation cycle (time taken to reach the maximal yield) between fermentations inoculated directly with spores and with vegetative inoculum has not been reported for the high yielding strains of P. chrysogenum. During the early days of penicillin fermentation with very low yielding strains, Foster, Woodruff, and McDaniels (1946) observed that in spore-inoculated fermentation in aerated and agitated laboratory fermentor, maximal titre (50 u per ml) was reached at 120 hr as compared to 72 hr with vegetative inoculum. The method of direct inoculation of spores, if successful under industrial fermentation conditions, would eliminate one of the major intermediate stages in penicillin fermentation with a consequent economy in operations. To be considered equally efficient, different fermentation conditions should yield the same amount of penicillin in the same fermentation cycle. This paper reports a comparative study of penicillin production in shake flask and agitated and aerated fermentors with spores and vegetative inoculum.
MATERIALS AND METHODS
Fermentation Techniques A commercial strain of P. chrysogenum HA-9 (selection from a Russian strain) was used in these studies. Preparation of spores. Spores obtained by sporulation on sterilized barley grains were suspended in water and used for inoculation. Thirumalachar and Gopalkrishnan (1958) reported that on agar slants the mycelium continued to produce new crops of spores for long periods so that the spores taken from an agar slant were of different ages. In contrast, when sporulated on barley grains the vegetative hyphae collapsed after 8 to 10 days due to the drying of the grains and the mass of spores was left as a powdery coating. Thus spores of nearly the same age were obtained by this method. The method of sporulation on barley grains was as follows. The spores were obtained from an agar slant as a suspension in 20 to 25 ml of honey-peptone solution. The suspension was mixed with 100 g of previously sterilized barley grains and incubated at 25 C. Sporulation was complete at the end of 8 days and approximately 40 billion spores were obtained as a water suspension per flask. Spores were inoculated either directly into the fermentation medium or into the seed medium for preparation of vegetative inoculum.
Preparation of seed. The seed medium contained (per L) cornsteep liquor, 31.6 g; sucrose, 18.6 g; NaNO3, 2.8 g; MgSO4c7H20, 0.068 g; KH2PO4, 0.31 g; and CaCO3, 3.2 g. The medium was adjusted to pH 5.5 before sterilization. No pH adjustment was needed after sterilization. A spore suspension (usually containing 10 to 20 million spores) was inoculated into the seed medium. The seed flasks were incubated on a rotary shaker (250 rpm describing a circle of 2-in. diameter) for 48 hr at 25 C. Ten milliliters of the vegetative growth were used to inoculate 100 ml of the fermentation medium.
Fermentation conditions. All fermentations were carried out in duplicate on the rotary shaker at 25 C in 500-ml Erlenmeyer flasks containing 100 ml of medium. The control fermentation medium contained (per L), lactose, 40 g; cornsteep liquor, 10 g; peanut meal, 30 g; CaCO3, 6 g; Na2SO4, 1.2 g; MgSO4 7H20, 0.068 g; phenylacetic acid, 1 g; and groundnut oil, 1 ml. The pH of the medium was adjusted to 7.0 before sterilization. Usually the pH decreased on sterilization and was readjusted to 6.8. In spore inoculated fermentations the medium was inoculated with approximately 10 million spores unless otherwise indicated.
Penicillin in the centrifuged broth was estimated by a modified iodometric method of Alicino (1946) . The pH was determined with a glass electrode. Sugars were determined by the method of Shaffer and Somoygi (1933) . Lactose was estimated after hydrolysis with 2 N HCl in the autoclave at 120 C for 30 min. Ammonia nitrogen was determined by the method of Gailey et al. (1946) . It was not possible to determine the mycelial nitrogen since the medium contained insoluble nitrogenous materials. Mycelial dry weight was determined by filtering the broth in a Buchner funnel, washing once with 0.1 N HC1 and twice with water, and finally drying overnight at 90 C. Rate of oxygen uptake and the respiratory quotient were determined manometrically as described by Vinze and Ghosh (1959 and re-adjusted at these levels manually at 10-to 12-hr intervals. Mycelial dry weights were determined after 48-hr of growth. The optimal pH for the growth of the mold was again found to be near 7.0 (figure 1). Chemical analysis at the end of 48 hr showed that growth was not limited by the exhaustion of sugar or nitrogen.
As the highest penicillin yield was also obtained when the initial pH of the medium was 7.0, in all subsequent fermentations the medium was initially adjusted to pH 6.8 to 7.0 as a standard practice.
Optimal spore concentration. Optimal spore concen- Biochemical changes during penicillin production with vegetative and spore inoculum. The metabolic picture of a penicillin fermentation with vegetative inoculum was compared with that of a spore inoculated fermentation (figure 2).
With vegetative inoculum the enzymes already present in the seed mycelium utilized the amino acids and peptides in the fermentation medium in preference to lactose as the carbon source during the growth phase of fermentation. This resulted in a sharp rise in pH during the first 48 hr due to liberation of NH3 which was later consumed as the source of nitrogen during the second phase of fermentation. Lactose was utilized at a slow rate during the growth phase and at a rapid rate during the penicillin production phase. When lactose was exhausted autolysis set in, thereby terminating the penicillin production phase of fermentation. Autolysis was indicated by the rise in pH, release of ammonia, and a thinning of the mycelial suspension.
With spores as inoculum the free ammonia nitrogen present in the medium served as the nitrogen source for germination and subsequent vegetative growth during the first 24 hr of fermentation. Visually, a slight vegetative growth could be observed during this period. Utilization of the free ammonia nitrogen resulted in the lowering of pH during this period. The mycelium formed by the end of 24 hr was able to utilize the amino acids and peptides present in the medium as the carbon source with liberation of NH3 and a corresponding rise in pH. The maximal level of ammonia nitrogen released when vegetative inoculum was used was twice as much as when spores were used. Mycelial growth was better (2.3 per cent maximum, dry weight) with vegetative inoculum as compared to that with spore inoculum (1.96 per cent maximum, dry weight). The pH plateau of the spore-inoculated fermentation was slightly lower than that of the fermentation inoculated with vegetative seed. There was practically no utilization of lactose during the first 48 hr in the spore-inoculated fermentation. Later, lactose was utilized at about the same rate as that in the fermentation with vegetative inoculum. In this experiment higher penicillin yield was obtained with spore inoculum than with vegetative seed. However, the study of several fermentations indicated that either method of inoculation gave equally good yields.
Effect of media composition on penicillin yield with spores and vegetative inoculum. Penicillin yields obtained with different modifications of the control medium using spores or vegetative inoculum are shown in table 4. Since spores used free ammonia nitrogen in their initial growth phase (figure 2), the effects of including ammonium nitrate and sucrose in the control medium was studied. The addition of the readily available carbon and nitrogen sources did neither increase the penicillin yield nor decrease the fermentation cycle as compared to the control.
It was found that when the medium contained peanut meal and lactose the pH plateau was maintained at a high level (7.7) both with spores and vegetative inoculum. Good growth with a lower pH plateau (7.3) was obtained with 6 per cent cornsteep in the medium. However, penicillin yields with either spore or vegetative inoculum were very low in higher concentrations of cornsteep medium as compared to the control. Since best results were obtained with the control medium, further studies were made with that medium only.
Effect of oilfeeding. Intermittent addition of oil during fermentation has been reported to result in increased penicillin yields (Goldschmidt and Koffler, 1950; Anderson, Tornquist, and Peterson, 1956; Pan, Bonnanno, and Wagman, 1959 Pan et al. (1959) reported that under the proper conditions of oil addition the fermentation can proceed at a rate 50 per cent higher than the lactose control, yielding a titre twice as much as the control. All these studies have been made in fermentations seeded with the usual vegetative inoculum. We studied the effect of oil feeding on spore-inoculated fermentations in control medium in which lactose served as the major carbon source and oil as extra nutrient. The results of an experiment in which maximal effect of oil was obtained is shown in figure 3 . Groundnut oil, 0.1 per cent by volume, was fed every 24 hr beginning from 48 hr of fermentation. The rate of penicillin production was the same with or without oil feeding until 144 hr; thereafter, in fermentation without feeding, mycelial autolysis set in with a corresponding rise in pH and drop in penicillin titre. With oil addition the maximal rate of penicillin production was maintained up to 192 hr without any mycelial Figure 3 . Effect of feeding oil on spore inoculated fermenta tion. 0 0 = Groundnut oil was fed to the fermentation at the rate of 0.1 per cent every 24 hr starting from 48 hr. X-----X = Control fermentation without oil addition. gave the maximal yields. Mustard oil and cocoanut oil gave slightly lower yields. With linseed oil, mycelial autolysis set in about the same time as in the control with no increase in penicillin yield.
Effect of aeration on spore-inoculated fermentation. Rolinson (1952) found that mycelium grown under varying conditions of aeration showed metabolic differences as indicated by their different respiratory quotient values. Rolinson and Lumb (1953) reported that at high aeration rates in submerged culture lard oil may be utilized as a source of carbon in preference to carbohydrate. At low aeration rates, carbohydrates served as the principal carbon source.
The effect of aeration on a spore-inoculated penicillin fermentation was studied using different volumes of medium in 500-ml Erlenmeyer flasks. Groundnut oil was added to the fermentations at the rate of 0.1 ml per 100 ml of medium every 24 hr. The results are shown in figure 4 . It was found that the maximal rate of penicillin production of the 50-ml fermentation (64 u per hr) was twice that of the 100-ml fermentation (31 u per hr), although mycelial growth was practically the same in both cases.
Ammonia nitrogen released into the medium in the 50-ml fermentation was much higher than that obtained with the 100-ml fermentation. This was reflected in a comparatively higher pH level obtained with the 50-ml as compared to the 100-ml fermentation. However, the pH values of both fermentations were maintained within favourable range during the penicillin production phase.
The oxidative metabolism of the mycelium indicated by the oxygen uptake rate (Qo2) and the respiratory quotient (RQ) were the same in both fermentations.
The Qo2 values steadily decreased from 18.5 at 44 hr to 10.5 at 138 hr. The RQ values decreased from 0.8 at 44 hr to 0.62 at 138 hr. The rate of lactose utilization of the 50-ml fermentation was slightly higher than that of the 100-ml fermentation.
The only observable metabolic difference between the 50-and 100-ml fermentations was in the liberation and subsequent utilization of the ammonia nitrogen. The utilization of a larger amount of ammonia nitrogen by the mycelium of the 50-ml fermentation might have resulted in a more proteinaceous and active mycelium, which might account for the high rate of penicillin production. Since the medium contained insoluble nitrogenous materials (peanut meal) the mycelial nitrogen was not determined. Experiments with medium containing soluble nitrogenous material are necessary to determine the variation, if any, in the mycelial nitrogen content.
Spore-inoculated fermentation in 2,200-L fermentor. Two trial fermentations were run in a 2,200-L fermentor with direct inoculation of spores into the fermentation medium. The details of these experiments and the results obtained are given below.
The fermentor was of a conventional design, fully baffled and fitted with motor agitator and perforated circular air ring sparger at the bottom. The result of this experiment is shown in figure 5 . Because of excessive foaming, practically no agitation was possible during the first 48 hr. As a result, germination of spores was delayed and there was very little mycelial growth during this period; fermentation was in effect delayed by about 48 hr. Maximal penicillin yield was 3,100 u per ml in 144 hr. With vegetative inoculum there is practically no foaming problem during the growth phase and the same yield of penicillin was normally obtained in about 100 hr.
If allowance is made of the period of inactivity during the first 48 hr or so, the biochemical changes (figure 5), with respect to lactose utilization, pH, utilization and liberation of ammonia-N during spore germination, mycelial growth, and penicillin production, were not much different from that obtained in shaken flask fermentation with spore ( figure 2) During the first 72 hr antifoam oil addition was made in small quantities as needed to control foaming. Regular 12-hr feeding started from 72 hr. With the above inodification it was possible to run the agitator continuously and the maximal penicillin yield obtained was 3,500 u per ml. in 148 hr. Although the yield was higher in this experiment, spore germination and mycelial growth was not much faster than in the previous experiment.
The results of these two fermentor trials indicated the possibility of using spore-inoculated fermentations even in commercial scale. Further work is in progress to determine the optimal conditions for agitated and aerated fermentors with respect to spore concentration, aeration, and oil feed rate.
SUMMARY
A comparative study of penicillin fermentation in shaken flasks was made by inoculating the fermentation medium directly with spores and with vegetative seed. Practically identical penicillin yields were obtained under both of these fermentation conditions. The optimal conditions in spore-inoculated fermentations were defined with respect to initial pH of fermentation medium and spore concentration.
Intermittent oil feeding gave much higher penicillin yield in spore-inoculated fermentation than in fermentation seeded with vegetative inoculum.
Pilot scale fermentations in 2,200-L fermentors indicated the possibility of employing spore-inoculated fermentation in commercial practice.
